ABSTRACT: Amelogenin (AMEL) is a conserved gene located on the sex chromosomes of mammals. It is involved in the formation of enamel, which is the hard, white material that forms the protective outer layer of each tooth. In this study, we first cloned and determined the intron sequences of the goat AMELX and AMELY genes from female and male ear tissues. The polymorphic AMEL alleles were further analyzed by PCR-based RFLP and Southern blot hybridization analyses. Results showed that intron 5 nucleotide sequences of the goat AMELY gene contains multiple deletions/insertions and shares only 48.5% identity to intron 5 of the goat AMELX gene. Based on the polymorphic AMEL intron sequences, a set of sex-specific triplex primers was designed to PCR amplify a single fragment of 264 bp from the X chromosome of female goats and 2 fragments of 264 and 206 bp from the X and Y chromosomes, respectively, of male goats. An increased sensitivity for sex determination was reached with a single blastomere at the blastula stage isolated from goat embryos. A total of 43 goat embryos were used to estimate a 100% accuracy rate of this method confirmed by chromosomal karyotyping and live births. The embryo sexing technique has been successfully applied in different strains of goats including Alpine, Saanen, Nubian, and Taiwan goats.
INTRODUCTION
Amelogenin (AMEL) is a major protein found in developing tooth enamel, and it belongs to a family of extracellular matrix proteins. Amelogenin is involved in the formation of enamel, which is the hard material that forms the protective outer layer of each tooth (Sedwick, 2009 ).
The AMELX and AMELY genes (Lau et al., 1989) , and the ZFX and ZFY genes (Aasen and Medrano, 1990 ) are 2 groups of homologous genes located on the sex chromosomes of mammals, and are good targets for sex determination. Amplification of part of the X/Y AMEL homologs with a single primer pair has been used to determine sex in humans (Sullivan et al., 1993) and cattle (Chen et al., 1999) based on a length polymorphism at this locus. The advantage of amplification of the X/Y homologous sequence is that both X-and Y-specific sequences are amplified in the same reaction. Furthermore, unlike the analysis of sex-specific repetitive sequences, both AMEL sequences have the same copy number (Fontanesi et al., 2008) .
Due to the importance of milk production to the dairy industry, there is increasing demand in the marketplace for determination of the sex of an unborn bovine or goat fetus. The sex of the fetus can change the value of the pregnancy, and it gives owners the ability to control genetic background (Weikard et al., 2006) . Moreover, sex preselection provides additional advantages for management and facility usage.
In the present study, we first cloned and sequenced the AMEL gene from the Alpine dairy goat. The sexspecific polymorphic fragments in goat AMELX and AMELY genes were then identified from each intron sequence. Furthermore, we extended the use of the X/Y homologous AMEL to determine the sex of goat embryos by single-blastomere PCR amplification. The sensitivity and fidelity of the newly created PCR sexing using a triple primer set were also tested in different breeds of dairy goats, including Alpine, Saanen, Nubian, and Taiwan goats.
MATERIALS AND METHODS
This study was reviewed and approved by the Institutional Animal Care and Use Committee of the National Chung Hsing University .
Isolation of Sex-Specific AMEL Gene Fragments
To identify the sex-specific sequence, introns 1 to 5 of the X/Y homologous goat AMEL genes were amplified by PCR. The designed PCR primer pairs are shown in Table 1 . These fragments were digested with HindIII, DraI, BamHI, TaqI, KpnI, and EcoRV, individually, to analyze the PCR-based RFLP (Chen et al., 2003) . These amplicons were then cloned into pGEM-T Easy vector (Promega, Madison, WI). The intron 5 sequences of goat AMELX and AMELY clones were determined using the BigDye terminator sequencing system (Applied Biosystems Inc., Foster City, CA), as described previously . The difference between intron 5-X and intron 5-Y of AMEL gene nucleotide sequences was analyzed using DNASTAR (DNASTAR Inc., Madison, WI), as described previously (Chen et al., 2006; Liu et al., 2008) .
Southern Blot Analysis of Goat AMEL Genes
Genomic DNA samples used in the Southern blot hybridization analysis were obtained from Alpine dairy goats bred at the Agricultural Pilot Farm of National Taiwan University (Taipei, Taiwan). Ear tissue of 2 male and female goats was minced with scissors and then subjected to DNA extraction using a proteinase K/phenol-chloroform procedure (Chen et al., 2002; Liu et al., 2010) . Genomic DNA samples were digested by different restriction enzymes, including BamHI, DraI, and EcoRI, and electrophoretically separated on a 0.8%-agarose gel. The DNA fragments were subsequently transferred and immobilized onto a nitrocellulose membrane according to a standard procedure Tsai et al., 2010) . The probes used in the blots were obtained from 1 of the sex-neutral exon 5 sequences in the AMELX gene (probe 1) and the other of the sex-specific intron 5 fragments in the AMELY allele (probe 2) as shown in Table 2 .
Collection of Goat Embryos
Synchronization of estrus in 25 donor and 10 recipient Alpine dairy goats (female, aged 2 to 3 yr) was induced by Eazi-Breed CIDR (Pfizer, Auckland, New Zealand) inserted for 11 d (d 0, CIDR insertion). On the day of CIDR removal, 2 mL of PG was administered intramuscularly. The donors were superovulated with a total dose of 200 mg of FSH starting on d 8, with a decreasing dose schedule (50, 50, 25, 25, 15, 15, 10 , and 10 mg) at 12-h intervals. Following administration with 1,000 IU of hCG (China Chemical and Pharmaceutical Co., Taipei, Taiwan), which resulted in detection of estrus after 54 h, does were artificially inseminated twice, 12 h apart. Six days after AI, embryos were collected transcervically as described by Cox and Alfaro (2007) . By transcervical insertion of a flushing catheter, each uterine horn was flushed with 20 to 30 mL of prewarmed flushing medium (PBS containing 100 IU/mL of penicillin, 100 μg/mL of streptomycin, and 10% fetal bovine serum). A total of 43 morphologically normal blastocysts from 25 different donors were selected for biopsy.
Embryo Biopsy, Karyotyping, and Transfer
The collected goat embryos were washed twice in TCM199 medium (containing 100 IU/mL of penicillin and 100 μg/mL of streptomycin) and biopsied. One embryo at a time was placed under a phase contrast microscope (Leica, Wetzlar, Germany) at 400× ampli- fication for sampling of a single blastomere from the inner cell mass of the blastula. The single blastomere obtained was placed directly in a 0.5-mL thin wall microcentrifuge tube and frozen quickly at −70°C until PCR sexing. As soon as the single blastomere had been sampled, the goat embryos were placed into a DPBS culture medium (Gibco-BRL, Gaithersburg, MD) containing 10% fetal bovine serum and cultured in an incubator at 39°C to cure the mechanical damage at their zona pellucida (Wu et al., 2007) , until they were transferred into recipients. For each synchronized recipient, 2 or 3 embryos were aspirated with 20 μL of DPBS in a glass capillary connected to a 1-mL syringe and introduced surgically into the top of the uterine horn ipsilateral to the ovary with at least 1 prominent corpus luteum . Blastomere karyotyping was applied according to a standard protocol established by Bacchus and Buselmaier (1988) .
Single-Blastomere PCR Sexing
For goat embryo sexing, we developed a triple primer set for PCR amplification in which the upstream primer (gAML-XY-U1: 5′-AGCAACAGACAAGACCAA GC-3′) was specific for the identical region of intron 5 of the X and Y AMEL gene sequences, whereas the 2 downstream primers (gAML-Y-D1: 5′-TGCCATATA-GATAGAC AAGC-3′ and gAML-X-D2: 5′-ACCCAC-CATAAAAGCTATTG-3′) were allele-specific. The 3 primers enabled the unambiguous identification of both Y and X chromosome signals in a single reaction. The PCR product derived from a female embryo (XX) had a length of 264 bp, whereas the products derived from a male embryo (XY) had lengths of 264 and 206 bp. Therefore, the number of bands generated indicated the sex of the goat embryo. The biopsy sample was centrifuged at 5,800 × g for 30 s at room temperature and denatured by heating in a tube in a thermocycler (MJ Research Inc., Waltham, MA) at 97°C for 5 min, followed by chilling on ice. A total of 50 cycles of polymerization were carried out with a 2-stage procedure.
The first stage was designed to increase the binding efficiency of the primers on the single-cell template, consisting of denaturation, annealing, and extension for 10, 10, and 15 s at 94, 54, and 72°C, respectively, for 20 cycles. The following 30 cycles were focused on the specificity of the PCR products, which was increased by increasing the annealing temperature to 55°C. The final extension time was increased to 1 min at 70°C, and then the reaction was cooled down to room temperature. The resulting PCR products were analyzed on a 2% high-resolution Synergel (Diversified Biotech, Boston, MA) containing ethidium bromide (Chen et al., 1999) .
RESULTS

Identification of Sex-Specific Sequences in the AMELX and AMELY Alleles
To screen the sex-specific fragments in the goat AMELX and AMELY alleles, we designed many pairs of primers (indicated by arrows in Figure 1A and listed in Table 1 ) for AMEL gene fragments that were amplified independently from intron 1 to intron 5. The lengths of introns 1, 2, 3, and 4 were 1.5, 3.6, 1.6, and 0.35 kb, respectively. All of the intron fragments were directly cloned into vectors and then digested with EcoRI; however, no size differences were found in introns 1 to 4 between AMELX and AMELY ( Figure 1B) . However, fragments of intron 5 of goat AMELX and AMELY showed polymorphic lengths. To verify this difference, the sequences of intron 5 of AMELX and AMELY were amplified and further analyzed using the PCR-based RFLP technique with various restriction enzymes, including HindIII, DraI, BamHI, TaqI, KpnI, and EcoRI. The results demonstrate that a sex-specific sequence is located in intron 5 of the goat AMEL gene ( Figure 1C ).
This finding was further validated by Southern blot analysis using 2 probes: one located in exon 5 (probe 1, as a sex-neutral probe) and the other located in intron 5 of goat AMELY (probe 2, as a sex-specific probe). The results show that hybridization with probe 1 to the male gAMEL gene consistently exhibited an additional signal compared with that from females ( Figure   2A ). The additional bands were 4.8 kb in BamHI, 1.8 kb in DraI, and 7.0 kb in EcoRI digestions. In addition, probe 2 was only able to hybridize with the male goat genomic DNA, and no hybridization signal was detected in females ( Figure 2B ). The sequence similarity of intron 5 was then predicted to be <50% between the AMELX and AMELY alleles based on the stringent hybridization conditions.
A Multiplex PCR for Sex Determination Using AMEL Intron 5 Polymorphisms
The intact sequences of intron 5 of the goat AMELX and AMELY alleles were cloned and sequenced, and found to be 1,577 and 1,780 bp in length, respectively. Nucleotide alignment revealed only 48.5% identity between the intron sequences. Multiple insertion/deletion regions were identified, which were heterogeneous between the sequences. The region containing the insertions/deletions was a segment spanning nucleotides 131 to 215 of intron 5 of the AMELY gene, compared with nucleotides 160 to 259 of AMELX (Figure 3) . In this region, sequence similarity was <30% among different species, including humans, swine, and mice, when analyzed by the BLAST software in the National Center for Biotechnology Information database (http://blast. ncbi.nlm.nih.gov/Blast.cgi).
For PCR-based goat embryo sexing, a set of 3 primers was developed that spanned a 58-bp multiple-deletion region in AMELY. The upstream primer (gAML-U1, Figure 3 ) matched a shared sequence of intron 5 of AMELX and AMELY. However, the 2 downstream primers were designed to recognize a Y-specific sequence (gAML-D1, Figure 3 ) or X-specific sequence (gAML-D2, Figure 3 ) in intron 5 of AMELX or AMELY, respectively. Thus, sexing was based on the detection of the AMEL gene polymorphism present in intron 5.
Sensitivity of the AMEL-Based Sex Determination Assay
The sensitivity of the AMEL-based sexing assay was evaluated on a dilution panel (replicated 3 times) of genomic DNA from male and female goats to simulate the DNA quantities that could be isolated from embryo biopsies. In high-resolution gel electrophoresis (Figure 4A) , the expected 264-bp fragment in the female sample and the 264-and 206-bp fragments in the male sample were observed and were confirmed by sequencing. The AMELX and AMELY PCR products were detected with at least 10 pg of genomic DNA, suggesting that this assay is suitable for sex diagnosis with as little as 1 to 2 cells ( Figure 4A ). Figure 1A ), which contained 600 bp of the identical exon 5 fragment of goat AMELX and AMELY. B) After being stripped of the previous probe, the blot was rehybridized with the sex-specific probe (probe 2 from Figure 1A ), which contained 700 bp of the intron 5 sequence of goat AMELY. 
Accuracy of PCR Sexing of Preimplantation Goat Embryos
The PCR protocol and the 3 primers were successfully applied to sex determination in single blastomeres taken from 6-d-old embryos (see the example in Supplemental Figure 1A ; http://jas.fass.org/content/vol89/ issue8/). Samples 3 and 5 showed a single 264-bp fragment and were interpreted as female. Samples 1, 2, 4, and 6 showed both the 264-and 206-bp amplification products and were interpreted as male ( Figure 4B ). A total of 43 goat embryos were used to study the accuracy of this method. The 19 predicted male embryos were examined by chromosomal karyotyping (see the example in Supplemental Figure 1B ; http://jas.fass.org/ content/vol89/issue8/), 11 embryos successfully obtained sex chromosomes (52.6%, 11/19), and all of them were correctly sexed as predicted (100%, 11/11). The other 24 predicted female embryos were transferred into 10 recipient goats. Six weeks after the transfer of the sexed blastocysts, 8 recipients were confirmed to be pregnant with 80% (8/10) pregnancy rate. Of the 12 offspring born to date, all newborns were correctly sexed (100%, 12/12). Therefore, the PCR-sexing results were fully confirmed by chromosomal karyotyping and live births in both male and female embryos with 100% accuracy.
Although the primer sequences were based on the cloned AMEL gene of Alpine dairy goats, they worked equally well with embryonic blastocysts isolated from the Saanen, Nubian, and Taiwan goat strains ( Figure  4C) . Therefore, this system may be useful for various popular dairy goat breeds.
DISCUSSION
Goats are important livestock for multiple purposes, such as production of high-quality meat, wool, and milk, and for the production of valuable recombinant proteins in transgenic goat milk for agriculture, veterinary medicine, or pharmaceutical applications Wells, 2010) . Recent studies have demonstrated that goat offspring can be easily produced from in vivo-and in vitro-fertilized eggs by either fresh or frozen/thawed embryo transfer (Malader et al., 2007) . In addition, embryo sexing and sex selection could add value to the animal industry by allowing selection for female offspring for milk production.
The AMEL gene encodes the major protein constituent of the mammalian tooth enamel matrix (Sasaki and Shimokawa, 1995) . It has been conserved during the evolution of vertebrate species (Lyngstadaas et al., 1990) . The AMEL gene is located on both sex chromosomes in humans (Nakahori et al., 1991) , cattle (Gibson et al., 1992) , horse (Hasegawa et al., 2000) , bear (Yamamoto et al., 2002) , sheep, goat, and deer (Pfeiffer and Brenig, 2005) but is found only on the X chromosome in mice (Chapman et al., 1991) . In humans, 1 copy of the AMELX gene, which is located on the X chromosome (Xp22.31-p22.1), makes almost all of the AMEL. The copy of the AMEL gene on the Y chromosome (Yp11.2), AMELY, makes very little AMEL and is not required for enamel formation (Nakahori et al., 1991) . A molecular evolutionary study reported that the AMEL loci span an ancient pseudoautosomal boundary in diverse mammalian species (Iwase et al., 2003) .
The present study revealed that the 3′-end sequences of the AMEL gene, especially intron 5, are more variable between the X and Y alleles in the goat genome. Moreover, the similarity between the newly cloned intact intron 5 sequences of goat AMELX and AMELY was as low as 48.5%. These results are consistent with the previous report that the sequence similarity of intron 5 is less than 30% among different species, whereas Polymerase chain reaction products from a single biopsied goat blastomere in an embryo-sexing experiment. A PCR reaction without an embryo blastomere was used as a negative control (NC). C) The PCR tests of sexing primers in different breeds of goat embryos, including Alpine, Saanen, Nubian, and Taiwan goats. The amplified products were applied individually to the wells of a 2.0% high-resolution Synergel.
greater degrees of similarity (>80%) in the coding region are found among humans, swine, and cattle (Hu et al., 1996) .
Because milk production is the most important goal to the dairy industry, there is increasing demand in the marketplace for determination of the sex of an unborn bovine or caprine fetus (Chen et al., 1999) . Owners want to know whether male and female goat contracts have been filled, or whether they need to continue producing embryos from donor goats. The sex of the fetus can change the value of the pregnancy and embryo sexing gives owners the ability to control the genetic background (Weikard et al., 2006) . In addition to improved genetic control, sex preselection provides additional advantages for management and facility usage.
There are several advantages and features of the goat embryo-sexing method developed in this study utilizing the polymorphism of the AMEL gene. First, a set of sex-specific triplex primers was designed to amplify a single fragment from the X chromosome of a female goat and 2 fragments from the X and Y chromosomes of a male goat, which can alleviate the problems of contamination of the PCR reaction and misdiagnosis detected by SRY gene (Sinclair et al., 1990) or Y-specific repetitive sequences (Schroder et al., 1990) . Second, this method has extremely high sensitivity, because sex determination was achieved with a trace amount of genomic DNA contained in a single blastomere isolated from goat embryos at the blastula stage, like the method used for single bovine and porcine blastomeres (Chen et al., 1999; Fontanesi et al., 2008) . Third, it has rapid sex-diagnosing capability and feasibility, and the sex determination of more than a hundred embryos can be completed simultaneously within 3 h, because it requires neither complicated procedures for purifying the DNA before the PCR nor any extra pair of primers for internal controls as developed in previous reports (Gutiérrez-Adán et al., 1997; Mara et al., 2004) . Moreover, the method has the greatest accuracy (100%) and reliability for sex determination compared with other PCR-based embryo sexing methods, such as ZFX/ZFY gene detection (Aasen and Medrano, 1990) or Y-specific repetitive sequence amplification (Kageyama et al., 2004) . Finally, it can be widely used for embryo sexing in different breeds of dairy goats, including Alpine, Saanen, Nubian, and Taiwan goats.
In conclusion, the AMEL gene-based tests can be used for sex diagnosis using small amounts of genomic DNA obtained from different sources, including blood and embryo biopsies. It also can be extensively used in several other applications including forensics, archaeozoology, and meat production and processing. Moreover, the assay is simple because it can be performed without purifying the DNA, is rapid (completed within 3 h), and 100% accurate because of the presence of the AMEL X-chromosome band. This is especially important for field application of the protocol for sexing of goat embryos.
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